Abstract: A three-dimensional (3D) urban model is an important information infrastructure that can be utilized in several fields, such as urban planning and game industries. However, enormous time and effort have to be spent to create 3D urban models using 3D modeling software. This paper employs automatic generation of 3D building models through integrating geographic information systems (GIS) and computer graphics. An integrated system is proposed for automatically creating 3D building models from building polygons (building footprints) on a digital map. Because most building polygons' edges meet at a right angle (orthogonal polygon), the integrated system partitions orthogonal building polygons into a set of rectangles and places rectangular roofs and box-shaped building bodies on these rectangles. In this research, a new scheme for partitioning complicated orthogonal building polygons is proposed. In the digital map, however, not all building polygons are orthogonal. To place parts of a building properly, in either orthogonal or nonorthogonal polygons, the proposed system places parts of a building, such as windows along the inner contour, which is set back from the original building polygon by straight skeleton computation. For a multiple-bounded polygon (a building polygon bounded by outer polygons), a new scheme is also presented for creating a complicated building-shape model or a multilayer building.
Introduction
Three-dimensional (3D) urban models are important in urban planning and in facilitating public involvement. To facilitate public involvement, 3D models simulating real or near-future cities by 3D computer graphics (CG) can be of great use. However, enormous time and labor has to be consumed to create these 3D models, using 3D modeling software such as 3ds Max or SketchUp. For example, when manually modeling a house with roofs by constructive solid geometry (CSG), one must use the following laborious steps:
1. Generation of primitives of appropriate size, such as boxes, prisms, or polyhedra that will form parts of a house; 2. Application of Boolean operations to these primitives to form the shapes of parts of a house such as making holes in a building body for doors and windows; 3. Rotation of parts of a house; 4. Positioning of parts of a house; and 5. Texture mapping onto these parts.
In order to automate these laborious steps, a GIS-and CGintegrated system that automatically generates 3D building models is proposed, based on building polygons or building footprints on a digital map shown in Fig. 1(a) . Fig. 1 (a) also shows most building polygons' edges meet at right angles (orthogonal polygon). A complicated orthogonal polygon can be partitioned into a set of rectangles. The proposed integrated system partitions orthogonal building polygons into a set of rectangles and places rectangular roofs and box-shaped building bodies on these rectangles. In order to partition an orthogonal polygon, a useful polygon expression (edges' right and left turns expression, or RL expression) and a partitioning scheme were proposed for deciding from which vertex a dividing line (DL) is drawn (Sugihara 2006) . In this paper, a new scheme for partitioning complicated orthogonal building polygons is proposed.
In the digital map, however, not all building polygons are orthogonal. To place parts of a building properly, in either orthogonal or nonorthogonal polygons, the proposed system places building parts, such as windows, doors, fences, and shop façades along the inner contour which is set back from the original building polygon by straight skeleton computation (Aichholzer et al. 1995) , the algorithm of which will be clarified.
For a multiple-bounded polygon (a building polygon bounded by outer polygons), a new scheme is also presented for creating a complicated shape of building model or a multilayer building.
Because 3D urban models are an important information infrastructure that can be utilized in several fields, the research on creation of 3D urban models is in full swing. Various types of technologies, including computer vision, computer graphics, photogrammetry, and remote sensing, have been proposed and developed for creating 3D urban models. Using photogrammetry, Gruen and Wang (1998) and Gruen et al. (2002) introduced a semiautomated topology generator for 3D building models, CC Modeler. Feature identification and measurement with aerial stereo images is implemented in manual mode.
During feature measurement, measured 3D points belonging to a single object should be coded into two different types according to their functionality and structure: boundary points and interior points. After these manual operations, the faces are defined and the related points are determined. Then, CC Modeler fits the faces jointly to the given measurements in order to form a 3D building model. Suveg and Vosselman (2002) presented a knowledge-based system for automatic 3D building reconstruction from aerial images. The reconstruction process starts with the partitioning of a building into simple building parts based on the building polygon provided by a 2D GIS map. If the building polygon is not a rectangle, then it can be divided into rectangles. A building can have multiple partitioning schemes. To avoid a blind search for optimal partitioning schemes, the minimum description length principle is used. This principle provides a means of giving higher priority to the partitioning schemes with a smaller number of rectangles. Among these schemes, optimal partitioning is manually selected. Then, the building primitives of the CSG representation are placed on the rectangles partitioned.
These proposals and systems, using photogrammetry, will provide us with a primitive 3D building model with accurate height, length, and width; but without details such as windows, eaves, or doors. The research on 3D reconstruction is concentrated on reconstructing the rough shape of the buildings, neglecting details on the façades such as windows (Zlatanova and van den Heuvel 2002) . On the other hand, there are some application areas such as urban planning and game industries where the immediate creation and modification of many plausible building models is requested to present alternative 3D urban models. Procedural modeling is an effective technique to create 3D models from sets of rules such as L-systems, fractals, and generative modeling language (Parish and Müller 2001) . Müller et al. (2006) have created an archaeological site of Pompeii and a suburban model of Beverly Hills by using a shape grammar that provides a computational approach to the generation of designs. They import data from a GIS database and try to classify imported mass models as basic shapes in their shape vocabulary. If this is not possible, they use a general extruded footprint together with a general roof obtained by a straight skeleton computation defined by a continuous shrinking process (Aichholzer et al. 1995) .
The straight skeleton is the set of lines traced out by the moving vertices in this shrinking process and can be used as the set of ridge lines of a building roof (Aichholzer and Aurenhammer 1996) . However, the roofs created by the straight skeleton are limited to hipped roofs or gable roofs with their ridges parallel to long edges of the rectangle into which a building polygon is partitioned. As shown in the satellite image of Fig. 2(a) , there are many roofs whose ridges are perpendicular to a long edge of the rectangle, and these roofs cannot be created by the straight skeleton. Since the straight skeleton treats a building polygon as a whole, it forms a seamless roof so that it cannot place roofs independently on partitioned polygons. Fig. 2 also shows 3D house models automatically generated by the proposed system, depending on the different partitioning schemes, separation prioritizing or shorter-DL prioritizing, which are decided by attribute data of the building polygon manually stored beforehand.
To create the various shapes of 3D roofs, the proposed system has an option to choose the partitioning scheme: prioritizing separation or prioritizing shorter DL. The proposed system also tries to select a suitable DL for partitioning or a suitable separation, depending on the RL expression of a polygon, the length of DLs, and the edges of a polygon.
More recently, image-based capturing and rendering techniques, together with procedural modeling approaches, have been developed that allow buildings to be quickly generated and rendered realistically at interactive rates. Bekins et al. (2005) exploit building features taken from real-world capture scenes. Their interactive system subdivides and groups the features into feature regions that can be rearranged to texture a new model in the style of the original. The redundancy found in architecture is used to derive procedural rules describing the organization of the original building, which can then be used to automate the subdivision and texturing of a new building. This redundancy can also be used to automatically fill occluded and poorly sampled areas of the image set. Aliaga et al. (2007) extend the technique to inverse procedural modeling of buildings and they describe how to use an extracted repertoire of building grammars to facilitate the visualization and modification of architectural structures. They present an interactive system that enables both creating new buildings in the style of others and modifying existing buildings in a quick manner. Vanegas et al. (2010) interactively reconstruct 3D building models with the grammar for representing changes in building geometry that approximately follow the Manhattan-world (MW) assumption, Fig. 1 . Flow of automatic generation system for 3D building models (satellite imagery © 2013 DigitalGlobe, U.S. Geological Survey, map data © 2013 Google): (a-c) functions of the software components; (d) automatically generated 3D urban model which states there is a predominance of three mutually orthogonal directions in the scene. They say automatic approaches using laser-scans or LIDAR data, combined with aerial imagery or ground-level images, suffer from one or all of low-resolution sampling, robustness, and missing surfaces. One way to improve quality or automation is to incorporate assumptions about the buildings such as the MW assumption. However, there are lots of buildings that have cylindrical or generally curved surfaces, based on nonorthogonal building polygons.
By interactive modeling, 3D building models with plausibly detailed façades can be achieved. However, the limitation of these models is the large amount of user interaction involved (Jiang et al. 2009 ). When creating a 3D urban model for urban planning or to facilitate public involvement, 3D urban models should cover lots of citizens' and stakeholders' buildings involved. This means that it will take an enormous amount of time and labor to model 3D urban model with hundreds or thousands of buildings.
Thus, the GIS-and CG-integrated system that automatically generates 3D urban models immediately is proposed, and the generated 3D building models that constitute 3D urban models are approximate geometric 3D building models that citizens and stakeholder can recognise as their future house or real-world buildings.
Proposed System for Automatic Building Generation
As shown in Fig. 1 , the proposed automatic building generation system consists of a GIS application (ArcGIS, ESRI), a GIS module, and a CG module. The source of the 3D urban model is a digital residential map that contains building polygons linked with attributes data such as the number of stories and the type of roof. The GIS module preprocesses building polygons on the digital map. As mentioned in detail in the preceding sections, preprocessing includes filtering out an unnecessary vertex whose internal angle is almost 180°, partitioning orthogonal building polygons into sets of rectangles, generating inside contours by straight skeleton computation for positioning windows and façades of a building, and exporting the coordinates of polygons' vertices and attributes of buildings. The attributes of buildings consist of the number of stories, the image code of the roof, walls, and the type of roof (such as flat, gable roof, hipped roof, oblong gable roof, gambrel roof, mansard roof, or temple roof). The GIS module has been developed using 2D GIS software components (MapObjects, ESRI).
The CG module receives the preprocessed data that the GIS module exports, generating 3D building models. The CG module has been developed using MAXScript that controls 3D CG software (3ds Max, Autodesk). In case of modeling a building with roofs, the CG module follows these steps:
1. Generation of primitives of appropriate size, such as boxes, prisms or polyhedra that will form the various parts of the house; 2. Boolean operations are applied to these primitives to form the shapes of parts of the house, for example, making holes in a building body for doors and windows, and making trapezoidal roof boards for a hipped roof and a temple roof; 3. Rotation of parts of the house; 4. Positioning of parts of the house; 5. Texture mapping onto these parts according to the attribute received; and 6. Copying the second floor to form the third floor or more in case of building higher than 3 stories. These steps are discussed by drawing a flow diagram in the following sections. As mentioned in this section, the proposed system consists of a GIS application, a GIS module, and a CG module. The GIS module is discussed in "Functionality of GIS Module."
Functionality of GIS Module

Proposed Polygon Expression
At map production companies, technicians draw building polygons manually with digitizers, depending on aerial photos or satellite imagery, as shown in Fig. 1 . This aerial photo and digital map also show that most building polygons are orthogonal polygons. An orthogonal polygon can be replaced by a combination of rectangles. When following edges of a polygon clockwise, an edge turns to the right or to the left by 90°. Therefore, it is possible to assume that an orthogonal polygon can be expressed as a set of its edges' turning direction: an edge turning to the right or to the left.
A useful polygon expression, the edges' right and left turns expression (RL expression), is proposed for specifying the shape pattern of an orthogonal polygon (Sugihara 2005) . For example, an orthogonal polygon with 22 vertices shown in Fig. 3 (a) is expressed as a set of its edges' turning direction; LRRRLLRRLRRLRRLRLLRRRL where R and L mean a change of an edge's direction to the right and to the left, respectively. The number of shapes that a polygon can take depends on the number of vertices of a polygon.
The advantage of this RL expression is as follows: 1. RL expression specifies the shape pattern of a polygon without regard to the length of its edges; and 2. This expression decides from which vertex a dividing line (DL) is drawn.
Partitioning Scheme
The more vertices a polygon has, the more partitioning schemes a polygon has, since the interior angle of an L vertex is 270°and two DLs can be drawn from an L vertex. The partitioning scheme that gives higher priority to the DLs that divide fat rectangles was proposed (Sugihara 2006) . A fat rectangle is a rectangle close in dimensions to a square. The proposed partitioning scheme is similar to Delaunay triangulation in the sense that Delaunay triangulation avoids thin triangles and generates fat triangles. However, the proposal did not always result in generating plausible and probable 3D building models with roofs. In the next proposal, among many possible DLs, the DL that satisfies the following conditions is selected for partitioning: 1. A DL that cuts off one rectangle; 2. Among two DLs from a same L vertex, a shorter DL is selected to cut off a rectangle; and 3. A DL whose length is shorter than the width of a main roof that a branch roof is supposed to extend to, where a branch roof is a roof that is cut off by a DL and extends to a main roof and a main roof is a roof that is extended by a branch roof.
Partitioning Process Fig. 3 shows the partitioning process of an orthogonal building polygon into a set of rectangles. The vertices of a polygon are numbered in clock-wise order. Fig. 3(b) shows an orthogonal polygon with all possible DLs shown as thin dotted lines and with DLs that satisfy condition 1 of the partitioning scheme, shown as thick dotted lines. Also in Fig. 3(b) , the example of a branch roof is shown as the rectangle formed by vertices 6, 7, 8, and 9 is cut off by a DL. Fig. 3 . Partitioning process of an orthogonal building polygon into a set of rectangles: (a) building polygon expression (LRRRLLRRLRRLRRLRLLRRRL); (b) from L vertex, two possible DLs can be drawn; among DLs, a shorter DL that cuts off one rectangle or a DL with length shorter than the width of the main roof can be selected; (c) upper-left geometry (LRRRL) is evaluated as an independent rectangle when the area overlapped with the body polygon is small; (d) a DL that satisfies the conditions is selected for partitioning; (e) partitioning will continue until the number of vertices of a body polygon is four; (f) after partitions, 3D models are automatically generated on divided rectangles using CG
Since each roof has the same slope in most multiple-roofed buildings, a wider roof is higher than a narrower roof and probable multiple-roofed buildings take the form of narrower branch roofs diverging from a wider and higher main roof. Narrower branch roofs are formed by dividing a polygon along a shorter DL and the width of a branch roof is equal to the length of the DL. The reason for setting up these conditions is that, like breaking down a tree into a collection of branches, the system cuts off along thin parts of branches of a polygon. Thus, a scheme of prioritizing the shorter DL that cuts off a branch roof is proposed.
In the partitioning process shown in Fig. 3 , the DLs that satisfy the mentioned conditions are selected for partitioning. By cutting off one rectangle, the number of the vertices of a body polygon is reduced by two or four. After partitioning branches, the edges' length and RL data are recalculated to find new branches. Partitioning continues until the number of the vertices of a body polygon is four.
After being partitioned into a set of rectangles, the system places 3D building models on these rectangles. Fig. 4 shows a variety of shapes of orthogonal building polygons with DLs implemented and 3D building models automatically generated from partitioned building polygons. The rectangle partitioned is extended to a wider and higher main roof so that it will form a narrower and lower branch roof.
How to Partition Branches
How the system is finding branches is as follows: The vertices of a polygon are numbered in clockwise order, as shown in Fig. 3 . The system counts the number of consecutive R vertices (n R ) between L vertices. If n R is two or more, then it can be a branch. One or two DLs can be drawn from an L vertex in a clockwise or counter-clockwise direction, depending on the length of the adjacent edges of the L vertex. Fig. 5 shows various cases of drawing DL when n R ¼ 2, 3, and 4, depending on the length of adjacent edges of the L vertex. Fig. 5(a) shows three cases of drawing DL when n R ¼ 2. The way of drawing DL depends on the comparison between the lengths Len(FCP) and Len(jpb). In Fig. 5 , the forward cutting point (FCP) is the L vertex that precedes consecutive R vertices and from which a DL can be drawn forwardly in terms of the clockwise numbered vertices. The backward cutting point (BCP) is the L vertex that succeeds consecutive R vertices and from which DL can be drawn backwardly.
The jnsf is the index to specify the vertex that succeeds FCP by n vertices, and jnpb is the index to specify the vertex that precedes BCP by n vertices (n ¼ 1; 2; : : : ). Len(FCP) means the length of an edge between FCP and pt(jsf). Fig. 5(b) shows three cases of drawing DL when n R ¼ 3. The way of drawing DL depends on the comparison between Len(FCP) and Len(j2sf) and the comparison between Len(jsf) and Len(jpb). Of the two DLs from FCP or BCP, a shorter DL will be selected for partition. In the third case of n R ¼ 3 in Fig. 5(b) , the rectangle consisting of vertices pt(jsf) and pt(j2sf), pt(jpb), and pt(A) is not partitioned but separated as an independent one. This is the only case where the separation occurs. Fig. 5(c) shows three cases of drawing DL when n R ¼ 4. The way of drawing the DL depends on the comparison between Len(jsf) and Len(j2pb). With the exception of 1st case of n R ¼ 4 where the vertices pt(jsf), pt(j2sf), pt(j2pb), and pt(jpb) form one rectangle, the partition method of n R ¼ 4 or more is the same as the method of n R ¼ 3 since the branch that is formed by these 4 or more R vertices will be self-intersecting and cannot form one rectangle.
Inner Polygon by Straight Skeleton
Parts of a building, such as windows and set-back façade, are placed on the inner polygon set back by a fixed distance from the footprint or the original polygon of the building. This inner polygon receded by a fixed distance is computed by the straight skeleton (Aichholzer et al. 1995) , which is defined by a shrinking process in which each edge of the polygon moves inwards parallel to themselves at a constant speed as shown in Fig. 6 . Lengths of edges of the polygon might decrease or increase in this process. The edges incident to two reflex vertices will grow in length as shown by edge ed3 in Fig. 6 . A reflex vertex is a vertex whose internal angle is greater than 180°. If the sum of the internal angles of two vertices incident to an edge is more than 360°, then the length of the edge increases, otherwise the edge will be shrunk to a point. Each vertex of the polygon moves along the angular bisector of its incident edges. This situation continues as long as the boundary does not change topologically. There are two possible types of changes:
1. Edge event: an edge shrinks to zero, making its neighbouring edges adjacent now; and 2. Split event: an edge is split, i.e., a reflex vertex runs into this edge, thus splitting the whole polygon. New adjacencies occur Fig. 4 . Orthogonal building polygons with dividing lines and 3D models automatically generated between the split edge and each of the two edges incident to the reflex vertex. After either type of event, we are left with a new, or two new, polygons which are shrunk recursively if they have nonzero area (Aichholzer et al. 1995) .
The shrinking procedure is uniquely determined by the distance between the two edges of before and after shrinking procedure.
The distance is referred to as d shri , shown by e d shri in Fig. 6 . The value of e d shri is d shri when an edge event happens in the shrinking process.
The edge event d shri is calculated as follows:
where L i = length of edge ed i ; and θ i and θ iþ1 are internal angles of vertices incident to ed i . Edge events will happen when 0.5θ i þ0.5θ iþ1 < 180°, i.e., the sum of the internal angles of two vertices incident to an edge is less than 360°. After calculating d shri for all edges and finding the shortest of them, when d shri reaches the shortest found, an edge event happens and edges disappear for the first time in the process. In Fig. 6 , when d shri is e d shri , ed4 and ed5 are the edges that collapse into a point at the first edge event. After an edge shrinks to a point, the system makes its neighboring edges adjacent and recalculates the length of each edge and of the internal angles of each vertex in order to find the shortest d shri for next edge event. In Fig. 6 , ed1 and ed2 will disappear in the next edge event. There remains a triangle that will be extinct by three edge events simultaneously. Inner polygons shrunk by straight skeleton computation are generated by the algorithm in Fig. 7 .
The straight skeleton, S(P), is defined as the union of the pieces of angular bisector traced out by polygon vertices during the shrinking process (Aichholzer et al. 1995) . Fig. 8(a) shows nonorthogonal building polygons overlapped by satellite image. In Figs. 8(b and c) , inner building polygons are generated by the straight skeleton, and, along these inner polygons, windows, set-back façades, and fences are placed and thus 3D building models are automatically generated as shown in Fig. 8(d) .
Generation of 3D Building Models from Multiple-Bounded Polygons
The many floors have the same shape in most multistory buildings, which are shown as a simple extruded building in Fig. 9(a) . On the other hand, there are some buildings whose floors take various shapes according to the number of stories, which are presented as multilayer buildings in Figs. 9(b and c) . These multilayer buildings are generated based on the building polygons bounded by outer polygons (multiple-bounded polygons). In this paper, a new method is proposed for the automatic generation of multilayerbuilding models, based on multiple-bounded polygons.
As mentioned in previous sections, in preparation for automatic generation, building polygons are linked with attributes, such as the number of stories and the type of building structure. For example, the inner polygons in multiple-bounded polygons are associated with the type of structure, such as a building floor, a roof, or a fence. When starting dealing with multiple-bounded polygons, the system starts with an inner polygon (ME_polygon) and searches for outer bounded polygons that include ME_polygon and acquires the number of stories linked to bounded polygons. After getting and summing up the number of stories, the start height (the height at which the 3D model is generated) is calculated. Fig. 10 shows an algorithm for calculating the start height. In this algorithm, through knowing the type of the polygon found, the system does not need to sum up the number of stories of the polygon if the type of the polygon found is a roof or a fence placed at the top of the building which may include ME_polygon.
Functionality of CG Module
As shown in Fig. 1 , the CG module receives the preprocessed data that the GIS module exports, generating 3D building models. Fig. 11 shows the generation process of a hipped-roof house model in the CG module. The GIS module partitions orthogonal building polygons into a set of rectangles and the CG module places rectangular roofs and box-shaped building bodies on these rectangles. After the GIS module measures the length and the gradient of the edges of the partitioned rectangle, the edges are categorized into a long edge (edge12) and a short edge (edge23). The vertices of the rectangle are numbered clockwise with the upper left vertex of a In 3ds Max, used for the creation of 3D models, each building part or primitive has its own control point (cp) and local coordinates that control its position and direction. The position of a cp is different in each primitive. As shown in Fig. 12 , the top of a gable roof consists of two roof boards (two thin boxes). Since the cp of a box lies in the center of a base, it is placed on the point that divides the line through pt12 and pt34 at the ratio shown in ground plan. The height of the cps of two roof boards is shown in the front view of a gable roof (Fig. 13) .
The CG module's generation process for modeling a hippedroof house is as follows:
• Generation of primitives of appropriate size, such as boxes and prisms, that are the parts of the house: For example, the length and width of a box as a house body are decided by the rectangle partitioned from a building polygon in the GIS module. As shown in Fig. 12 , the length of a box will be w_L and the width of a box will be w_S. Also, the length of a thin box as a roof board is decided by the rectangle partitioned while the width of a roof board is decided by the slope of the roof given as a parameter, as shown in Fig. 13 ; • Boolean operation on these primitives to form the shapes of parts of the house: For example, making holes in a house body for doors and windows or making trapezoidal or triangular roof boards for a hipped roof. The size, position, and number of the holes are decided by the given parameters; • Rotation of parts of the house: Parts of the house are rotated depending on the direction of the rectangle partitioned. The roof boards are rotated so as to align them according to, respectively, the slopes of the roofs; • Positioning of parts of the house: Parts of the house are placed depending on the position of the rectangle partitioned. For example, the control points of roof boards are placed as shown in Figs. 12 and 13; • Texture mapping onto these parts according to the attribute data, such as the image code of the wall and the roof, stored and administrated at the GIS application; and • Copying the second floor to form the third floor, or more in case of buildings higher than 3 stories, according to the attribute data to the number of stories stored in the GIS application.
Efficiency of Automatic Generation
In order to create 3D building models suitable for urban planning and game industries, 3D models with high geometric detail are needed. As mentioned in "Introduction," the 3D building models by computer vision (CV) or remote sensing are focused on reconstructing the rough shape of the buildings, neglecting details on the façades such as windows. The 3D building models by CV have to be filled with details in the occluded and poorly sampled areas. 3D models with details will be constructed not by CV but by hand or algorithmically (procedural modeling). CV approaches with procedural modeling (Bekins and Aliaga 2005; Aliaga et al. 2007; Vanegas et al. 2010 ) seem promising, however, development is still in progress and it is not available now. Thus, automatic generation will be compared with the creations by hand, which are very common practices among CG engineers. Automatic generation is the same as procedural modeling in terms of creating a 3D urban model by computer programming. A comparison between manual creation and automatic generation is shown in Table 1 . In this table, the CG module's process as mentioned in "Functionality of CG Module" is broken down into manual operations in 3ds Max and also into functions of the program in MAXScript. It will take about 100 min to create one hipped roof house, while less than 1 s to automatically generate one by the personal computer with Intel(R) Core(TM)2 Duo CPU 2.1GHz.
Application
Here are the examples of a 3D urban model automatically generated by the integrated system for urban planning proposal. Fig. 14 shows the digital map of Singapore and an automatically generated 3D model. Fig. 15 shows building polygons on satellite image of residential area and an automatically generated 3D model. In these Fig. 11 . Generation process of a 3D building model in CG module: (a) generation of primitives of appropriate size, boxes that form various parts of the house; (b) Boolean operation on these primitives making holes in a building body for doors and windows and making trapezoidal roof boards for a hipped roof; (c) rotation of roof boards and ridges of hipped roof, depending on parameters and the slope of the roof; (d) placing of parts of the house according to the location of the building footprint on GIS; (e) texture mapping onto these parts according to the attribute image codes of roofs and walls; (f) copying the second floor to form the third floor or more in case of building higher than 3 stories Fig. 12 . Ground plan of a gable roof and parameters of a gable roof; thick_rf = thickness of roof board; eaves_23 = length of eaves in direction of edge23; θ = angle of roof slope with horizontal plane; and rf_offs = offset of roof board from prism as shown in Fig. 13 Fig . 13 . Front view of a gable roof and parameters of a gable roof maps, there are many multiple-bounded polygons from which multilayer buildings are generated. In these models, the start heights of penthouses, fences, and roofs are calculated by searching for outer-bounded polygons and summing up the number of stories of those bounded polygons, not having to calculate their start heights manually. Based on digital maps, the GIS-and CG-integrated system for automatically generating 3D building models is proposed. Rotate the roof board and roof ridge around X-axis so that it leans with the slope given by parameters. Rotate the roof ridge Z-axis so that its upper end is connected to the top ridge 0.03
Placing of parts of the house, according to the location of the building footprint on GIS Use Select And Move to position the roof boards in the top viewport so that they are positioned as shown in Fig. 12 , and also position them in the front viewport as in Fig. 13 . Position the roof ridges according to the top view and front view for hipped roof. The height of the roof boards and roof ridges are calculated as shown in Fig. 13 17 × 60 20 steps in CG module
Position the roof boards according to the top view of Fig. 12 and the front view of Fig. 13 To generate real-world 3D urban models, the 3D shapes and material attributes of buildings and other objects need to be reconstructed. In the reconstructing process, the image data will be acquired by taking photographs of the objects in the city. But, when thinking of the future layout of a city or ancient city models, we cannot take photos of the future city, the planned road, or the cities in the middle and ancient ages. Usually and traditionally, urban planners design the future layout of the towns by drawing maps, using GIS or CAD packages. There may be several plans (digital maps) for urban planning. Similarly excavation and investigation companies also submit digital maps as the result of excavation. Usually there are several plans for restored architectural heritage in the estimation process. There are several restoration maps estimated and proposed by several archaeological researchers. If the integrated system immediately converts these maps into 3D urban models, the system surely supports the researchers and urban planners investigating the alternative idea. Fig. 16 shows an aerial photo of the planning area for automatic generation, Meijo district in Nagoya city, which has a population of 2 million and is the 4th largest city in Japan. This area is an almostcentral area of Nagoya city and is located near Nagoya castle. There are three-or four-storey apartment houses for government officials and citizen run by municipal government. The area as a whole was selected as one of the areas for city revitalization project by the Japanese government. Figs. 17-19 are the three visualized alternative plans A-C with digital maps and automatically generated 3D urban models. Fig. 17 shows alternative plan A proposed by an urban designer, which is planned as low density in the middle area for condominiums with green spaces and urban facilities, and high density in both side areas for official housing and public housing. Fig. 18 shows alternative plan B proposed as seven-to ten-storey apartments sharing green space in courtyards and buildings in the north standing tall for official housing and public housing. The courtyards are enclosed by apartments, providing a shared park-like space for residents. In the proposed alternative plan C shown in Fig. 19 , terrace houses sharing green spaces in large courtyards are laid out for viewing Nagoya castle. Fig. 19 also shows buildings are increasing in height away from castle for each building's top floor to see Nagoya castle.
These alternative plans are created by merging generated 3D building models into three-dimensional maps (MAP CUBE) provided by Pasco Co., Ltd, aerial survey company in Japan.
Conclusion
For everyone, a 3D urban model is quite effective in understanding what if this alternative plan is realized, what images of the town once were, or what has been built. Traditionally, urban planners design the future layout of the town by drawing building polygons on a digital map. Depending on the building polygons, the integrated system automatically generates a 3D urban model so instantly that it meets the urgent demand to realize another alternative urban planning.
If given digital maps with attributes being input, as shown in the "Application" section, the system automatically generates two hundred 3D building models within less than 30 min.
In this paper, a new scheme for an orthogonal polygon partitioning is proposed; the system divides a polygon along the thin part of its branches. To place parts of a building properly, in either orthogonal or nonorthogonal polygons, the proposed system places parts along the inner contour by straight skeleton computation. Thus, the proposed integrated system succeeds in automatically generating typical residential areas or alternative city plans. Based on multiple-bounded polygons, the system also succeeds in generating complicated shapes of multilayer buildings by a new scheme of a bounded-polygons search algorithm.
The limitation of the system is that automatic generation is executed based only on ground plans or top views. There are some complicated shapes of buildings whose outlines are curved or even crooked. To create these curved buildings, the system needs side views and front views for curved-outline information.
Future work will be directed towards the development of methods for (1) the automatic generation algorithm to model curved buildings by using side views and front views, and (2) the creation of general shape of roofs by a straight skeleton computation based on general shape of building polygons.
